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L. _INTRODUCTION

A kinetic model which predicts the rate of formation of gaseous products
produced during coal pyrolysis has been developed. The basis assumptions of
the kinetic model are similar to those of Attar (1) for the kinetics of coal
liquefaction in a hydrogen donor solvent. The main assumption is that
different coals consist of the same organic Functional groups and that the
differences hetween coals are due to the different concentrations of the
functional groups. The functional groups most important in forming gaseous
products are hydroaromatic hydrogen, methyl groups, ethyl groups and oxygen
functionalities, i.e., carboxyl groups, carbonyl groups, phcnols and ether
linkages. The products of coal pyrolysis are to a large extent determined
by the initial concentration of each of the above mentioned functionalities.

The chemistry and thermodynamics of functional group reactions in coal are,

to a first-order approximation, independent of the particular coal (2). It

is also plausible to assume that the reaction rate of each functional group is
independent of the particular coal and only dependent upon the regent, the
reactive group and the temperature. Thus the kinetic parameters, the activation
energy and the frequency factor, are assumed to be independent of the particular
coal. Arrhenius dependence of.the rate constants are assumed.

The rate of product generation appears to be controlled by thermal decomposition
of the coal (3), thus the rate of chemical reaction is assumed to be the

controlling rate. Mass transfler effects have been neglected. The bond breaking
process has been assumed to proceed by a free radical mechanism lor which the
steady state assumption can be applied. The free radicals can then form

stable products by combination reactions with other radicials or by hydrogen
abstraction reactions. Secondary reactions, other than thc water-shift reaction,
have been neglected. The water-shift reaction has been assumed to proceed to
equilibrium.

The kinetic model incorporates all of the above assumptions into a set of rate
equations for the transformations of the various functional groups. Isothermal
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kinetics or a constant heating rate can be used. The rate expressions are
integrated numerically using a semi~implicit third order Runge-Kutta method
with the initial functional group distribution in a coal as the boundary

condition. After each integration step, the water-shift reaction is shifted
to equilibrium.

2. KINETIC MODEL

The kinetic model which has been developed is based on the premise that free
radicals are released from the coal matrix and then undergo combination reactions
or hydrogen abstraction reactions to form stable products. The free radicals
which are released from the coal matrix include hydrogen atoms, methyl .groups

and ethyl groups. Each of these radicals is released from the coal matrix
according to the first-order reaction

S-R > S+ R

where S+ is the radical remaining in the solid phase to later take place in
tar forming or char forming reactions and R+ is either H., *CH, or -C,H.,
Once formed, the free radicals can either undergo a second-order combInation
reaction of the type

R+ + R-., =+ R.R,
1 J 1]

where i and j refer to any of the above mentioned radicals and R.R is the
stable product, or they can abstract hydrogen from the coal matrid to result
in the stable product RH. The hydrogen abstraction reaction is a second-order
reaction of the type.

R+ + S'H > S'- + RH

The reactions involving free radicals can produce the gaseous products H,,

cH,, c,H,, C,H, and C H]O' Once a stable product is formed, cracking reactions
to form lower molecuiaf weight products are not assumed to occur. This
assumption is approximately correct in that the components most likely to crack,
i.e., C3H and C,H, ., are produced only in minor quantities. Ethylene production
is assumed to occur as a resulted of the unimolecular decomposition of ethyl
radicals according to the reaction

-ngS > CZHA + H-

Other reactions which must be considered involve oxygen functional groups.

The oxyeen functional groups are responsible for the formation of €0, , CO
and 1.0, Carbon dioxide is assumed to occur due to decarboxylation “reactions
involVing carboxyl proups.  Carbon monoxide is assumed to be formed [rom two

sources.  The low temperature peak is thought to result from elimination of
quinonic-carbonyl groups. The higher temperature peak is thought to result

from the cleavage of ether linkages. Water formation is due to reactions
involving phenol groups. Each of these products is assumed to be formed according
to first-order kinetics.

Finally, the gas phase reaction
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>
H20 + CO « CO2 + H2

must be considered. This reaction has been shown to be approximately in
equilibrium in the products from coal pyrolysis (4,5) and is the only "secondary"
reaction considered in the kinetic model. After each integration step the
product composition is shifted to equilibrium values for the above reaction.

The water-shift reaction is the '"tie' between the effective rate of production

of each of the products involved and the actual rate of production of each

of these products.

3. MATHEMATICAL DEVELOPMENT

As previously mentioned, the rate of formation of H°, °*CH,, °C HS’ co,, CO
and H,0 is assumed to be described by first-order kinetics. Tge rate of
formation of each of these species can thus be described by the equations

dRi+ = ki (S-R).
dt !

where R+ is the "gas'" phase concentration of the i-th species and (S-R), is
the concentration of that species remaining attached to the coal matrix.
When R: is H-, "CH, or 'CZH the radical can be stahilized by combination
reactions with otheér radicais or by hydrogen abstraction reactions. Both of
the above reactions are assumed to follow secondorder kinetics with the
exception of two hydrogen atoms combining to form molecular hydrogen

which requires a third body for stabilization of the product. Thus the rdte
of formation of stable products is described by equations 3.2 through 3.7.

_ .2
d(Hz) = kl H-HY (M + k2 (i) S-H) 3.2
dt
d(CH,) = ky (H) (CHy + k, (“CHy) (S-1) 3.3
dt
- . 2 3 - 3 -
d(c.z_”_ﬁl = kg ( cn3) + kg (CCHQ) (H) + kg (+CHo) (S-H) 3.4
dt
f_(_CQElB) = kg (CHy) (+CHy) (-C,Hg) 3.5
dt
. - el 2 :
d((.hll.m) Ky Ca,liy) V.6
dt
d(()zllﬁ = k0 ¢ eyl 3.7
dt

In equations 3.2 - 3.7 the radical combination reactions occur with no
activation energies. Hydrogen abstration rate constants and the ethyl
decomposition rate constant assume Arrhenius behavior. The rate constants
associated with equations 3.1 - 3.7 are listed in Tables 3.1 - 3.3. Along with

152



the rate constants associated with the functional group transformations are
activation energies for the decomposition reactions of the polymers assumed
to characterize the bond breaking process involved in the functional group
transformations.

In order to integrate the given rate equations the radical concentrations must
be available. The radical concentrations have been obtained with radical
balances and the assumption that the stcady-state approximation is valid.

According to Benson (6), the steady-state assumption has been shown to be valid
if the total radical concentration is negligible compared to the reactant and
product concentrations. The radical concentrations are usually negligible in

the integration procedure which has been incorporated. The utility of the
steady-state assumption is that it converts differential equations into algebraic
equations which can then be solved for the radical concentrations. The

radical balances are presented in equations 3.8 - 3.10.

d(r) = d(s-n) - 2k, )7 0D -k, () (s-W) - K

(+CHy) (H+)-
dt dt

3
k7 ('CZHS) (H) + k10 ('CZHS) =0 3.8

. . . s 32

d(CHy) = d(5=CHy) - ky (CHY M) =k, (Cliy) (s-H) - 2kg (-CH
dt dt

k6 ('CH3) (‘CZHS)

0 3.9

d('CZHS) = d(S—CzHS) - k6 (-CHB) ('CZHS) - k7 ('CZHS) (H*)

2
k8 ( CZHS) (s-H) - 2k9 (-CZHS) - klO (-CZHS) =0 3.10

In the kinetic model the radical balances are solved by successive
approximations until a solution is obtained within allowable error.

Functional Group Decomposition Rate Constants

Functional

___Group A(seg:fl_ E(kcal/mole)

-H 73.0 25.0
—CHW 16.7 18.0
el TOVETIE 14
COOH Hh0.0 1945

-(=0 55.0 18.0
-0- 2500.0 15 30.2

-0H 1.05 X 10
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Model

Compound E(kcal/mole) Reference
Tetralin (-H) 22.0 11
Polybenzyl (-CH.) 53.0 12
Polyacrylic Acié (1-CO0H) 27.0 13
Poly (2,6-dimethyl-
1,4~phenylene ether) (OH) 57.0 14
Table 3.2
Radial Reaction Rate Constants
Reaction k(cc/mole sec) Reference
15*
H* + H- + M > H2 + M 8.9 x 10 15
12
'CH3 + H- » CHA 6.0 x 10 16
13
‘CH3 + ‘C}I3 hd 3,16 x 10 17
“CH, + “C 2.51 x 10%2 18
3 28 -
12
'CZH5 + H* > CZHG 3.63 x 10 17
*C,H. + "C.,H. > C,H 1.0 x 163 18
25 275 4710 '
14 . -1
.C2H5 - CZHA + H- k = 2.7 x 107 exp (~-40,900/RT)sec 19

Table 3.3

Hydrogen Abstraction Reactions Rate Constants

Reaction log A(cc/mole scc) E(kal/mole) Reference
H* + S-H » H2 + S 10.61 5.4 20

-CH3 + S-1l » CHA + S 10.61 8.0 estimated
'C2H5 + S-H -+ C2H6 + S* 13.5 4.6 estimated
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4. RESULTS

The concentrations of the various gaseous products produced during coal
pyrolysis and the rate of formation of these gases can be obtained by
employing the kinetic model previously described. The results of modeling

the prolysis of two typical coals are described in this section. In both
cases, the results from the kinetic model have been compared to experimental
data obtained from the literature. The published data is that of Campbell and
Stephens (7) and Makino and Toda (8,9).

Campbell and Stephens (7) pyrolyzed Wyodak subbituminous coal at temperatures
between 110° and 1000°C. A constant heating rate of 3.33°C/mm was used to

heat a sample weighing 50 gm and consisting of particles sized between 10

mesh and 6 mesh, Argon was used as a carrier gas to sweep the gaseous products
to a mass spectrometer for quantitative determination of the product
composition. Experimentally obtained gas evolution curves are compared with
the curves obtained from the kinetic model in Figures l-4. A material balance
is presented in Table 4.1, The experimental carbon dioxide yield was estimated
by graphical integration of the experimental rate of evolution curve.

It is interesting to compare the initial functional group distribution with
the calculated gaseous yield. It can be seen that all of the methyl groups go
into the formation of methane and all of the ethyl groups form ethane.

Radical combination reactions other than with hydrogen are negligible. Also,
if enough hydrogen is subtracted from the initial hydrogen concentration

to account for methane and ethane formation, the yield of molecular hydrogen
would be 61.3 cm3/gm compared to the calculated yield of 98.9 cm3/gm. This
apparent discrepancy, along with the observation that more carbon dioxide is
in the products than there is carboxyl groups in the feed is the result of

the water-shift reaction. For this case, the overall effect of the water-shift
reaction is a shift in the direction

H20 + CO ~» CO2 + H2

It should be noted that all of the calculated water yield is formed from the

phenols. T1f some moisture is initially present and the water-shift reaction

proceeds in the same direction as before, the calculated hydrogen yield could
be made to approach the experimental yield.

The methane and ethane yields are presented in Figure 1. It can be seen that
first-order kinetics do not adequately describe the rate of methane formation,
especially at the tail end of the rate curve. This observation is in agreement
with Fitzgerald and Van Krevelen (10) who said that the rate of methane

FTovmat fon does not decrense an vaphdly as o predicted by Vhrst-order kiner fea,
Based on kinetie arpument s, they postulated o second soarce of methane Lo

be the reaction

C(s) + 2H2 > CHA

The second methane source which is postulated here is the rupture of alicyclic

rings. Methane has been shown to be produced upon the pyrolysis of tetralin
(11), thus alicyclic rings are known to be able to form methane upon pyrolysis.
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Table 4.1

Characterization of Wyodak Subbituminous Coal

Gaseous Equivalent of the

Coal Initial Functional Gaseous Yield (cm3/gm)
Composition Group Distribution Component Experimental Model
Component Wt.7% Group Conc. (cm3/gm)
C 66.76 -H 196.4 Hy 124.8 98.9
H 5.25 -CH3 67.2 CHy 67.2 67.2
[o) 16.99 ~CoHg 6.6 CoHg 6.63 6.6
N 1.11 -COo0H 18.2 co2 48 54.9
S 0.74 c =0 26.1 co 45.9 63.6
-0- 73.1 HZO' -—- 66.8
-OH 101.9

The ruptureof alicyclic rings should be more important in lower ranked coals
since the concentration alicyclic ring is postulated to decrease with an
increase in rank.

A comparison between calculated and experimental volatilization yields for an
anthracite are illustrated in Figures 5-8. Makino and Toda (8,9) used a

flow-type high pressure reactor and a constant heating rate of 3.3° C/min up

to a final temperature of 900°C in their experiments. A constant flowrate of
helium was used to sweep gaseous products out of the reactor and into a high

speed chromatograph for analysis. Argon was used as a carrier gas in separate
cxperiments for the determination of hydrogen. The experimental curves reproduced
herein were obtained by graphical integration of experimental rate curves. An
estimated 10-15% error in the calculated yields is possible. A material balance
is included in Table 4.2.

Table 4.2

Characterization of Omine Anthracite

Gaseous Equilvalent of

Coal the Tnitial Functional

Composition Group Distribution
Component Wt.Z% Group  Conc. (cm3/gm) Component Experimental Model
C 93.2 ~H 150.1 Hy 138.7 71.8
" 1.1 ~Clty 10.8 C”h 1.3 10.8
0 1.2 =Gty 0.05 Collg  —mmm 0.0
N 1.7 -coon 0.0094 C0y 1.52 .23
S 0.7 Cc =0 0.76 co 3.18 7.36
~0- 7.81 HZO —————— 7.16

-0H- 8.25

The main observations are:

1. All the methyl and ethyl groups form methane and ethane respectively. TFor
this case, first order kinetics can adequately describe the methane evolution
rate. This observation is another point in favor of the secondary methane
source required for lower ranked coals being the cleavage of alicyclic rings.
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The water-shift reaction shifts in the direction

+ H

HZO + CO0 > CO2 2

The calculated carbon dioxide yield shown in Figure 7 is a direct result
of the water-shift reaction. A negligible amount of the carbon dioxide
evolved is the result of decarvoxylation reactions.

MODEL LIMITATIONS
The limitations of the model are:

1. The model does not predict tar yields.

2. The model is limited to low pressure applications due to the neglect
of secondary reactions.

3. The rate constants for the release of the free radicals from the
coal are applicable to low heating rates. A heating rate of as
high as 60° C/sec will shift the calculated initial temperature
for methane formation away from the experimental temperature
by approximately 10°C.

4. Correlations predicting the initial functional group distribution

are limited to coals containing between approximately 70% C and 92% C.
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